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The ability to achieve strong-coupling has made cavity-magnon systems an exciting platform for the development of
hybrid quantum systems and the investigation of fundamental problems in physics. Unfortunately, current experimental
realizations are constrained to operate at a single frequency, defined by the geometry of the microwave cavity. In this
article we realize a highly-tunable, cryogenic, microwave cavity strongly coupled to magnetic spins. The cavity can be
tuned in situ by up to 1.5 GHz, approximately 15% of its original 10 GHz resonance frequency. Moreover, this system
remains within the strong-coupling regime at all frequencies with a cooperativity of ≈ 800.
Since the first demonstrations of strong magnon–photon
coupling,1,2 the field of cavity-magnonics has become increas-
ingly diverse and fruitful. This is largely due to the relative
ease of achieving strong-coupling (i.e., the coupling rate is
larger than the dissipation rate of either sub-system), result-
ing from the large spin density of yttrium iron garnet (YIG).
YIG has been the material of choice for many magnonic ex-
periments because of its high spin density, but also because
it exhibits low spin damping and good optical properties.3
The commercial availability of high-quality YIG samples,4
has allowed the establishment and rapid growth of the field
of cavity-magnonics.5–13 Some notable recent experiments in-
clude the study of dissipative coupling, namely the observa-
tion of exceptional points characterized by level-attraction,14
as well as nonreciprocity and unidirectional invisibility.15
The magnetostrictive interaction has also been observed, cou-
pling magnons to the breathing phonon modes of spherical
YIG samples,16 which enabled our theoretical proposal for a
primary thermometer based on a cavity-magnonic system.17
Extensive progress has been made in the use of cavity-
magnoics for the development of hybrid quantum technolo-
gies. These include the coupling of magnons to superconduct-
ing qubits,18 bi-directional conversion between microwave
and optical photons,19,20 and heralded generation of single
magnons.21 Finally, there has been a recent proposal for di-
rect detection of axions—a dark matter candidate particle—
by probing, with a microwave cavity, the electron-axion cou-
pling, effectively described as an oscillating magnetic field
acting on the magnons of the material.22
In the majority of these experiments, the magnonic mode is
coupled to the magnetic field of a microwave cavity and, as the
resonance frequencies of these magnonic modes within YIG
depend linearly on the applied static magnetic field, provides
a large degree of tunability. Unfortunately, with current ex-
perimental architectures, the microwave resonance frequency
is not tunable, limiting the possibility of bringing a coupled
cavity-magnonic system into resonance with additional sub-
systems. The inability to independently tune both the magnon
and microwave cavity resonances has detrimental effects on
total system efficiency, for example, when coupling magnons
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to a superconducting qubit or in a microwave-to-optical trans-
duction experiment. Furthermore, there may exist experimen-
tal setups in which a tunable magnetic field is not practical
to implement. Therefore, it would be advantageous to have a
microwave cavity with the ability to in situ tune its resonance
frequency, especially while at cryogenic temperatures.
In this letter, we solve this problem by demonstrating a
highly-tunable, cryogenic, microwave cavity strongly coupled
to the lowest-order ferromagnetic resonance within a YIG
sphere. Our cavity design is based upon a double-stub re-
entrant cavity, similar to those described in Refs. 11,22. This
tunable hybrid system reaches the strong coupling regime
(g/{κ,γ}> 1), and is nearly within the ultra-strong coupling
(USC) regime (g/ω > 0.1). This architecture allows the im-
plementation of hybrid quantum technology with three dis-
tinct modes (microwave, magnonic, and ancillary) that can be
simultaneously brought into resonance.
The cavity (as seen in Fig. 1) consists of two partially over-
lapping 14 mm diameter circles, milled 1 mm deep. The re-
entrant stubs are 3 mm in diameter and located on the axis
a)
c)
b)
FIG. 1. a) A schematic outlining the experimental apparatus. A he-
lium reservoir is connected to the cavity through a pressure control
valve. Transmission scans are performed using a VNA coupled to
the cavity via pin couplers inserted into the cavity. b) 3D rendering
of the microwave resonator. The 500 µm diameter YIG sphere lies
between the two re-entrant posts in the high-magnetic-field region.
c) A finite element simulation of the anti-symmetric magnetic field
mode profile, localized between the re-entrant posts.
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2of the two cylindrical depressions separated by a 2 mm gap.
A commercially available YIG sphere, 500 µm in diameter,
is placed directly between the two posts. This location pro-
vides the maximum overlap while maintaining a relatively
uniform magnetic field over the entire volume of the YIG
sphere. Double-stub re-entrant cavities of this form support
two resonant modes, a lower frequency symmetric mode, and
a higher frequency antisymmetric mode. The magnetic field
of the symmetric mode is expelled from between the posts and
is ignored here. Instead, we focus on the higher-frequency
antisymmetric mode; this mode focuses the magnetic field be-
tween the posts as shown in Fig. 1c. By placing the small YIG
sphere between the posts, the mode overlap between the YIG
sphere and the magnetic field can be large. This large mode
overlap enhances the coupling between the cavity field and the
magnetic sample.
Both halves of the double-stub reentrant cavity were ma-
chined out of oxygen-free high-conductivity copper. A model
of the bottom half of the cavity is shown in Fig. 1b. The
two circular posts have been machined to leave a small gap
(d ≈ 100 µm) between them and the flat membrane compris-
ing the other half of the cavity. The thin, ∼ 500 µm, mem-
brane on the top half of the cavity is backed by a reservoir
of liquid helium, fed by a thermally anchored capillary. The
pressure within the helium reservoir is controlled via a pres-
sure regulator at room temperature (Fig. 1a).23 Increasing the
pressure causes the membrane to deform, reducing the dis-
tance between the membrane and the two circular posts. The
tunability of this cavity can be understood by noticing that
the electric field is primarily confined within this gap. This
small gap can be approximated as a parallel plate capacitor,
forming the capacitance of a lumped model LC circuit repre-
senting the microwave cavity. The effective capacitance can
be approximated as C = ε0A/d, where ε0 is the permittivity
of free space, A is the total area of the posts, and d is the
distance between the capacitor plates. Using this assumption,
and assuming the inductance L of the circuit is not affected
by the deformation of the membrane, it is straightforward to
see that the resonance frequency, ω = 1/
√
LC, is proportional
to the square root of the distance between the membrane and
the posts. From this simple model, the cavity’s tunability is
understood as follows; as the pressure inside the reservoir is
increased, the gap between the membrane and the posts is re-
duced and the resonance frequency is decreased.
The copper microwave cavity was attached to the base plate
of a cryostat operating at 1.2 K for the duration of the mea-
surements. The microwave cavity mode was driven via a
coaxial cable, thermally anchored at 4 K. The readout was
performed in transmission (S21(ω)) of a vector network ana-
lyzer (VNA), Fig. 1a) with no amplification, and as a result
the measurements were performed with relatively high input
power (approximately -20 dBm at the input port). External
coupling to the cavity was achieved using straight pin cou-
plers, however, due to the large electric field confinement, was
highly undercoupled. If critical coupling was required one
could use loop-couplers, as demonstrated by Clark et al. in
Ref. 23. Characterization of the cavity tunability was per-
formed by measuring the resonance frequency and quality fac-
tor as a function of reservoir pressure, shown in Fig. 2. The
primary factor limiting the quality factor of this cavity is the
seam that exists between the two halves of the cavity. The
quality factor may be increased in future implementations by
bonding the two halves of the cavity using a galvanic indium
bond.24
As described by Walker,25 and further elaborated by
Fletcher et al.,26 ferromagnetic spheres contain many mag-
netostatic resonances. For this work, we are strictly inter-
ested in coupling to the uniformly processing Kittel mode.
The frequency of the Kittel mode is determined by the mag-
nitude of an applied static magnetic field, applied here by
a superconducting magnet surrounding the sample. Specifi-
cally, it depends linearly on the magnitude of the applied field,
ωm = γ|B0|+ωm,0, where γ = 28 GHz/T is the gyromagnetic
ratio and ωm,0 is an offset determined by the anisotropy field.
Moreover, YIG has a cubic magneto-crystalline anisotropy,
with an easy magnetization axis along the (111) direction.
However, for this experiment we were not concerned with
any intrinsic anisotropy effect and have randomly oriented the
YIG sample withing the cavity. This random orientation nev-
ertheless results in a shift in the ferromagnetic resonances due
to induced anisotropy fields.
First, we characterize the magnon-photon interaction at var-
ious cavity frequencies. The cavity frequency is set by pres-
surizing the helium reservoir, and is held constant over the
course of an experimental run. The magnetic field was slowly
increased such that the magnon frequency passes through the
cavity frequency, thus bringing the magnons and photons into
resonance. At each static magnetic field step, transmission
measurements were performed. The resulting scattering pa-
rameter (S21(ω)) is plotted in Fig. 3a,b for two pressures, 2
and 6 bar, respectively. One can see the avoided level cross-
ing, which is the hallmark of mode hybridization and strong-
coupling.
The interaction between the magnons and photons can be
described by the following Hamiltonian,1,2
Hˆ = h¯ωcaˆ†aˆ+ h¯ωmmˆ†mˆ+ h¯g(aˆ†mˆ+ aˆmˆ†). (1)
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FIG. 2. Quality factor and center frequency of the microwave cavity
loaded with a YIG sphere. Linear fit reveals a slow increase in the
quality factor as the reservoir pressure is increased. Data was taken
with zero applied static magnetic field.
3Here aˆ† (aˆ) is the creation (annihilation) operator for the mi-
crowave photons at frequency ωc. The magnons—with reso-
nance frequency ωm—are represented by the bosonic opera-
tors mˆ† (mˆ) via the Holstein-Primakoff approximation.27 The
photon-magnon coupling rate is given by,
g=
γ
2
√
µ0h¯ω
Veff
√
2Ns. (2)
Here, ω is the resonance frequency, µ0 is the vacuum perme-
ability, N = 4/3ρpir3 is the total number of spins (where r is
the radius of the YIG sphere), ρ = 4.22×1027 m−3 is the spin
density of YIG, and s = 5/2 is the spin number for the Fe3+
ions within YIG. Further, Veff is the effective mode volume of
the microwave cavity, defined as,
Veff =
∫ µ(r)|B(r)|2
µ(r0)|B(r0)|2 dV. (3)
This integral is performed over the volume of the microwave
cavity and r0 is the location of the YIG sphere within the cav-
ity. It should be noted that Eq. (2) is valid only when the
microwave magnetic field is approximately constant over the
entire magnetic sample. If the magnetic field has large vari-
ation over the sample volume one may use the equations for
the coupling rate defined in Ref. 28.
FIG. 3. a) Normalized transmission spectrum (S21(ω)) of the tun-
able YIG microwave cavity system as a function of external mag-
netic field. The helium reservoir pressure was set to 2 bar. Dotted
black line is a fit to the coupled magnon-photon system described by
Eq. (4). b) Normalized transmission spectrum (S21(ω)), for a helium
reservoir pressure set to 6 bar. Note, both figures have been plotted
on the same axes.
FIG. 4. Normalized transmission spectrum (S21(ω)) of the tunable
YIG microwave cavity system as a function of helium reservoir pres-
sure. The magnetic field was held constant at ∼ 380 mT.
The magnon–photon coupling rate and the magnon
linewidth can be extracted from the experimentally measured
transmission coefficient, S21(ω), where the transmission co-
efficient can be evaluated using input-output theory,29 and is
given explicitly by1
S21(ω) =
√
κ1κ2
i(ω−ωc)− κ2 + |g|i(ω−ωm)−γm/2
. (4)
Here, κi is the coupling rate to the i-th external port, and
κ = κ1 +κ2 +κint ∼ κint is the total cavity decay rate, which
is approximately equal to the internal loss rate since the cou-
pling ports are highly undercoupled. The magnon linewidth
is γm. The peak of the theoretical curve is plotted on top
of the experimental data in Fig. 3a. Using Eq. (4) we can
extract the magnon-photon coupling rate g/2pi = 285 MHz,
which is in good agreement with the value extracted from
COMSOL via Eq. (2), g/2pi = 260 MHz. Furthermore, we
can extract the magnon linewidth γm = 4.3 MHz, and the
total cavity linewidth κ/2pi = 23.8 MHz. From these pa-
rameters it can be seen that this cavity lies well within the
strong-coupling regime (g/{κ,γm} > 1) and is close to the
USC regime (g/ω > 0.1). It would be possible to reach the
USC regime by using a larger YIG sphere. Based on COM-
SOL simulations a 1 mm diameter YIG sphere should be well
within the USC regime.
From the experimentally extracted parameters we can de-
termine the cooperativity for this experimental setup to be
C = g2/κγm ≈ 800. Since the cooperativity scales with the
radius cubed, to compare our results with the literature we
shall considered the cooperativity per volume. In our exper-
iment, we have achieved CVm = 1210 mm
−3, a value com-
parable to the volume-normalized cooperativity obtained in
Ref. 30 and an order of magnitude below the state-of-the-art
CVm = 56000 mm
−3.31 The difference between our results and
state-of-the-art values can be minimized with optimization of
our microwave cavity dissipation, as described above.
A final demonstration of the tunability of our microwave
cavity was performed by examining the magnon-photon
strong-coupling while not varying the magnitude of the static
4magnetic field. This experimental procedure is different than
typical cavity-magnonic experiments in which the cavity fre-
quency is fixed and the magnon frequency is swept, as is
shown in Fig. 3. Instead, we set the static magnetic field to
a constant value of ∼ 380 mT. Then the pressure of the he-
lium reservoir was slowly reduced from 6.0 bar to 0 bar over
the course of several hours. During the pressure sweep trans-
mission scans were constantly performed. The resulting trans-
mission data is shown in Fig. 4. This plot is similar to what is
seen in Fig. 3, however, now the cavity frequency shifts, while
the magnon modes are held at a constant frequency. This ad-
ditional degree of freedom will allow the frequency of maxi-
mum hybridization (ωc = ωm) to be set anywhere within the
range of the tunability of the microwave cavity, rather than
being restricted to a single frequency set by the microwave
cavity. This feature is especially important at cryogenic tem-
peratures where the cavity frequency may shift during cooling
as a result of thermal contraction.
In conclusion, we have demonstrated a tunable
cryogenically-compatible 3D microwave cavity strongly
coupled to magnetic spin excitation of a YIG sphere. The
cavity can be tuned over a range of 1.5 GHz while maintain-
ing an approximately constant quality factor. Furthermore,
we demonstrate a novel mechanism for studying magnons
that provides complete experimental control over the fre-
quency of maximal magnon-photon hybridization in situ at
cryogenic temperatures. This unique cavity could provide
improvements for a variety of cavity magnonic experiments
ranging from quantum information experiments such as
microwave-to-optical transaction, to fundamental problems
in physics, such as the search for dark matter candidates.
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